Abstract -We examine the origin of honey bee (Apis mellifera )
INTRODUCTION
The Western honey bee Apis mellifera is the world's most widely distributed and well-known pollinator. Honey bees contribute hundreds of billions of dollars to the world's economy each year by increasing the quantity, quality and value of crops that require pollination (vanEngelsdorp Electronic supplementary material The online version of this article (https://doi.org/10.1007/s13592-018-0615-x) contains supplementary material, which is available to authorized users. Gallai et al. 2009; Keogh et al. 2010) . Its importance for honey and wax production, and for crop pollination has seen its human-assisted spread from its native range of Africa, the Middle East and Europe to cover most of the world (Crane 1983; Winston 1987) .
The origin and genetic differences of the world's honey bee populations is of considerable interest (e.g. Ruttner 1988; Whitfield et al. 2006; Han et al. 2012 ). There are more than 26 named subspecies (Ruttner 1988; Meixner et al. 2013) , which can be assigned to 4 evolutionary lineages: Eastern European (C), Western European (M), African (A) and Middle Eastern (O) (Garnery et al. 1992; Franck et al. 2000b Franck et al. , 2001 Alburaki et al. 2013; Meixner et al. 2013) . Different subspecies have different traits that make them more or less suitable for commercial apiculture and pollination (Ruttner 1988; Uzunov et al. 2014) , and therefore more or less favoured by beekeepers.
Initial introductions (prior to 1850) into the New World and Australasia were mostly from Western Europe (e.g. Hopkins 1886; Seeley 1985; Cornuet 1986 ). Later introductions were largely from Eastern Europe, where the genotypes are more suited to commercial beekeeping. In the twentieth century, there was considerable interest in trying new strains and subspecies in various locations, leading to numerous imports into and out of subspecies' natural ranges (Adam 1983; Seeley 1985; Cornuet 1986 ). Often, there were secondary introductions via another nation, for example from the UK (native) to Australia (introduced) then to New Zealand (introduced; Hopkins 1886; Barrett 1996) . Hence, these often-small introductions underwent two genetic bottlenecks. This is particularly the case for small island nations or communities that tended to get their honey bees from nearby populations.
In this paper, we examine the population genetics and origins of three island populations, Kangaroo Island, Norfolk Island and the Kingdom of Tonga, that were likely derived from Australia and/or New Zealand. Australia has a diverse honey bee population (Oldroyd et al. 1992 (Oldroyd et al. , 1995 Koulianos and Crozier 1997; Chapman et al. 2008; Oxley and Oldroyd 2009; Chapman et al. 2016) , having imported honey bees from all over the world (e.g. Hopkins 1886; Weatherhead 1986; Barrett 1996) . Australia has a large feral population (Oldroyd et al. 1994 (Oldroyd et al. , 1997 Oldroyd 1998; Arundel et al. 2012; Hinson et al. 2015 ) with a different genetic background from the commercial population, as determined through mitochondrial, microsatellite and SNP (single nucleotide polymorphism) markers (Chapman et al. 2008 (Chapman et al. , 2015 . At least four subspecies of honey bee were introduced to New Zealand (Hopkins 1886; Cook 1967; Donovan 1980; Barrett 1996; Newstrom-Lloyd 2013) .
Kangaroo Island is located 13.5 km from the Australian mainland, 112 km southwest of Adelaide. It is a large island of 4405 km 2 . The economy of the island is mainly based on agriculture and tourism. The first honey bees introduced to the island were likely A. m. mellifera from the Western European lineage (Hopkins 1886; Eckert 1958; Glatz 2015) . In the 1880s, a small number of A. m. ligustica colonies were introduced to Kangaroo Island from Italy via Brisbane (Queensland) and Adelaide (South Australia) (Hopkins 1886; Glatz 2015) . The source in Italy is reported as Bologna, Naples, or 'Italy' (Eckert 1958; Woodward 1993; Koulianos and Crozier 1996; Jolly 2004; Barrett 2010b; Glatz 2015) . Regardless of the area they were imported from, all are expected to be A. m. ligustica. There are reports of a concerted effort to remove colonies of A. m. mellifera origin from the island, and to institute a bee breeding program and genetic 'sanctuary' based on A. m. ligustica (Woodward 1993; Jolly 2004; Barrett 2010b; Glatz 2015) .
The Ligurian bee sanctuary was established on Kangaroo Island with The Ligurian Bee Act (Government of South Australia 1885) to prevent A. m. mellifera from being imported so that the island could be used for the production of Italian queens (Eckert 1958; Barrett 2010b; Glatz 2015) . The sanctuary is maintained to this day at the behest of beekeepers and on the basis that the isolated population is pure A. m. ligustica . The keeping of any bee other than 'Italian' or 'Ligurian' (i.e. A. m. ligustica ) strains is prohibited by the Act. The low incidence of honey bee disease on the Island (Roberts et al. 2015) provides further support for the protection of the island's honey bees and the ban on the importation of honey bees and bee products is current.
Because of its isolation, there has been considerable scientific interest in this population (Eckert 1958; Ruttner 1976; Woyke 1976; Oldroyd et al. 1992; Woodward 1993; Crozier 1996, 1997; Jolly 2004; Glatz 2015) , and concerns over inbreeding (Woyke 1976) . Oldroyd et al. (1992) , using samples from 24 colonies, curiously found that honey bees on Kangaroo Island were morphologically similar to A. m. ligustica or A. m. siciliana (C lineage), had malate dehydrogenase (MDH) alleles typical of A. m. siciliana from Sicily and A. m. ligustica from Southern Italy, but mitochondrial restriction enzyme digestion patterns suggestive of an A. m. mellifera origin. Oldroyd et al. (1992) presented a number of hypotheses to explain these somewhat anomalous findings, including that incomplete surveys of the A. m. ligustica population in Italy meant that M lineage mitochondrial haplotypes had not been reported from Italy at that time. Crozier (1996, 1997) confirmed that the honey bees of Kangaroo Island carry mitochondrial haplotypes consistent with M lineage origin. M lineage mitotypes have since been found in Italy, and it has been determined that there was ancient hybridization between the M and C lineages in Italy (Badino et al. 1982; Badino et al. 1983; Franck et al. 2000a ). Franck et al. (2000a) concluded that Kangaroo Island is probably a rare example of the introduction of Italian M mitotypes.
Norfolk Island is a small (34.6 km 2 ) volcanic island located 1412 km off the east coast of Australia. Honey bees were probably introduced to the island between 1822 and 1855 (Malfroy et al. 2016) . SNP testing (Chapman et al. 2015) of six samples revealed them to be hybrids of mainly Eastern European origin (average 80.7%) with a significant component of Western European origin (average 17.6%) (Malfroy et al. 2016) . The only honey bee pests and diseases recorded on Norfolk Island are the lesser wax moth (Achroia grisella ), the microsporidian parasite Nosema ceranae and Lake Sinai virus I (Malfroy et al. 2016) , suggesting that the population has been isolated for many decades. Currently, there are approximately 130 managed hives on the island. The number of feral colonies has not been estimated but the feral population was described as 'large' (Malfroy et al. 2016) . The last known bee imports occurred in 1992 (Malfroy et al. 2016) .
The Kingdom of Tonga, in Polynesia, is an archipelago of 171 islands, of which about 35 are inhabited. The total land area is 748 km 2 . Primary production provides the majority of employment, with most rural Tongans relying on agriculture for both subsistence and income (van der Velde et al. 2007 ). There are anecdotal reports (White et al. 2016 ) of honey bees being imported from New Zealand in the 1970s and from Fiji to service pollination requirements during a period of high pumpkin production for export to Japan (1988 -1998 Murray 2001) . The origin of honey bees introduced to New Zealand (Donovan and Macfarlane 1984; Barrett 1996) , Fiji (Anderson 1990; Barrett 2010a ) and Tonga has not been studied using genetic tools, and so the genetic background of Tongan honey bees is unknown. The use of honey bees for pollination ceased after an outbreak of American foulbrood, resulting in elimination of the majority of managed hives (Pers. Comm. Bruce White to EJR). Feral honey bees and a small number of domestic hives remain on the major island groups of Tongatapu, 'Eua, Ha'apai and Vava'u. A secondary introduction of queen honey bees from New Zealand to Vava'u in 2006 resulted in the introduction of Varroa destructor mites (Pers. Comm. Bruce White to EJR). The feral population on Vava'u naturally survive Varroa mite infestation without chemical intervention (Remnant et al. 2017) .
This paper uses a panel of 37 single nucleotide polymorphisms (SNPs) (Chapman et al. 2017) and mitochondrial sequencing of a highly polymorphic intergenic region between the tRNA leu and cytochrome oxidase II genes (Crozier and Crozier 1993) to investigate the genetic origins of honey bees on Kangaroo Island, Norfolk Island and Tonga. Genetic variability within these populations is assessed using microsatellite markers.
MATERIAL AND METHODS

Kangaroo Island
One bee was sampled from each of 99 colonies, from eight beekeepers (Figure 1 ), and preserved under ethanol before extracting DNA using phenol-chloroform (Pritchard et al. 2000) .
Norfolk Island
A sample was collected from 1 to 10 hives from 20 of the 27 apiaries on the island, with at least 60 individuals sampled per apiary (Malfroy et al. 2016) . We extracted DNA using phenol-chloroform (Pritchard et al. 2000 ) from 2 to 6 individuals from each apiary, resulting in 94 individuals for analysis. As it was possible that more than one individual was sampled per colony, we analysed microsatellite data (see below) using COLONY (Jones and Wang 2010) to identify and remove individuals originating from the same colony, resulting in a verified sample size of 34 individuals. The number of verified colonies sampled at each apiary is given in Figure 1 .
Tonga
We collected samples from 34 colonies on three islands: Eua, Tongatapu and Vava'u. We extracted DNA from one bee per colony using phenol-chloroform (Pritchard et al. 2000) . Sampling locations and the number of colonies sampled at each location, where known, are given in Ancestry of isolated honey bee populations
SNP ancestry assignment
We typed samples from Kangaroo Island (n = 99), Norfolk Island (n = 34) and Tonga (n = 34) with a panel of 37 SNPs (Chapman et al. 2017) using the Agena Sequenom MassARRAY MALDI-TOF system at the Australian Genomic Research Facility, with manual review of allele calls. We assigned the proportion of ancestry of each individual to three ancestral lineages (African, Eastern European and Western European) using data for 37 SNPs (Chapman et al. 2017 ) from reference samples originating from a previous study (Chapman et al. 2015) in STRUCTURE (v2.3.4; Pritchard et al. 2000) . We used a burn-in phase of 50,000 iterations with individuals from the three reference populations and then assigned ancestry to our test samples according to an admixture model with uncorrelated allele frequencies in 100,000 Markov chain Monte Carlo iterations using k = 3 populations. Five replicates were run in order to confirm that ancestry assignment was consistent across runs. Admixture was measured for each individual as 1 minus the maximum proportion of ancestry to a cluster. Thus, an individual with 95% C ancestry is 5% admixed and an individual with 57% M ancestry is 43% admixed.
Microsatellites
We analysed length polymorphisms at microsatellite loci A107, A113, A14, A29, A79, A8, Ap53 and B124 (Estoup et al. 1993; Solignac et al. 2003) according to Chapman et al. (2008) for 99 individuals from Kangaroo Island, 34 from Norfolk Island and 33 from Tonga. We tested for systematic genotyping errors caused by allelic dropout or stuttering and the presence of null alleles using MICRO-CHECKER (van Oosterhout et al. 2004) . We enumerated the number of alleles in each population, calculated observed and expected heterozygosity, tested for departures for HardyWeinberg equilibrium, linkage disequilibrium and estimated inbreeding coefficients (F IS ) and genetic differentiation between the populations (F ST ) using GENEPOP (Raymond and Rousset 1995) on the web (v4.2). We determined allelic richness using PopGenReport 3.0.0 (Gruber and Adamack 2017) in the R statistical program (R Development Core Team 2017). We assessed population structure in STRUCTURE with 50,000 iterations in a burn-in phase followed by 100,000 Markov chain Monte Carlo iterations using 1 < k < 8 populations with no admixture assumed. We determined the best k following Evanno et al. (2005) .
We used BOTTLENECK (v1.2.02; Piry et al. 1999 ) to test for a recent genetic bottleneck using the Wilcoxon sign-rank test of excess heterozygosity under the two-phase model assuming 95% single-step mutation and 5% multi-step changes with 1000 simulations. Population were also assessed for a mode-shift from an L-shaped distribution of allele frequencies.
Mitochondria
We sequenced (Macrogen, South Korea) a highly variable region of the mitochondrial genome, containing part of the tRNA leu gene, an intergenic region and part of the cytochrome oxidase II (COII) gene (Crozier and Crozier 1993) using the E2 and H2 primers (Garnery et al. 1992) following the methods of Chapman et al. (2008) from 76 individuals from Kangaroo Island, 34 individuals from Norfolk Island and 33 individuals from Tonga. Sequences were checked using SEQUENCHER v5.1 (Gene Codes Corporation, USA) and aligned using MUSCLE (EMBL-EBI).
RESULTS
SNP analysis
On average, the honey bees on Kangaroo Island have 90.2% Eastern European ancestry, 7.8% Western European ancestry and 2.0% African ancestry when typed with our 37 SNP panel (Figure 2c ). Mean admixture of the population was 9.8%.
The honey bees of Norfolk Island have an average of 73.1% Eastern European ancestry, 21.2% Western European ancestry and 5.7% African ancestry (Figure 2 ). Mean admixture of the population was 26.9%.
The honey bees of the Kingdom of Tonga were of mainly Western European ancestry (70.3%) with some Eastern European (27.4%) and little African ancestry (2.3%). The honey bees of Tongatapu had an average of 41.1% Eastern European ancestry, 57.3% Western European ancestry and 1.6% African ancestry. Mean admixture of the population was 36.1%. The honey bees of 'Eua had an average 29.6% Eastern European ancestry, 68.1% Western European ancestry and 2.3% African ancestry. Mean admixture of the population was 31.9%. The honey bees of Vava'u had an average 21.7% Eastern European ancestry, 75.6% Western European ancestry and 2.7% African ancestry. Mean admixture of the population was 23.9% (Figure 2 ).
Microsatellite analysis
All microsatellite loci were polymorphic, with an average of 12.1 alleles per locus and average allelic richness of populations between 3.07 and 7.46 (Table I) . MICRO-CHECKER suggested that locus Ap53 had null alleles in the Kangaroo Island population, in the combined Tonga population and in the 'Eua population and was therefore excluded from further analysis (Supplementary Information). MICRO-CHECKER suggested that there were no systematic genotyping errors due to allelic dropout or stuttering.
Observed and expected heterozygosity were both high and similar for all three populations (Table I) . One locus was not in Hardy-Weinberg equilibrium in the Kangaroo Island population (A113), and one in the combined Tongan population (A107), while all loci were in HardyWeinberg equilibrium for Norfolk Island (Table I) , or when the three Tonga populations were considered separately (Table I) . Four pairs of loci showed significant linkage disequilibrium -COII intergenic mitochondrial haplotypes, H1-H4 are from the M lineage while H5-H7 are from the C lineage; b STRUCTURE analysis on microsatellite data with k = 2 clusters; c ancestry proportions of honey bees from Kangaroo Island, Norfolk Island and the Kingdom of Tonga (Tongatapu, 'Eua and Vava'u) from three ancestral lineages (C, M and A) assigned based on 37 SNPs in reference samples using STRUCTURE. Position in each graph corresponds to the same individual, such that mitochondrial haplotype can be matched with microsatellite structure and SNP ancestry testing. There were not enough samples to test for linkage disequilibrium on Tongatapu, and as estimates on the other two Tongan island groups are likely to be skewed, we provide data for the combined population only. The inbreeding coefficient (F IS ) was low for all populations (Kangaroo Island, 0.012; Norfolk Island, − 0.042; Tonga, − 0.008) and for the three island groups in the Kingdom of Tonga (Tongatapu, − 0.089; 'Eua, − 0.141; Vava'u, 0.045; Table I ). STRUCTURE found that k = 2 best fit the microsatellite data, with the samples of Kangaroo Island forming one cluster, while samples from Norfolk Island and the Kingdom of Tonga form the other cluster (Figure 2b All populations had a normal L-shaped distribution of allele frequencies. No populations show evidence of a recent bottleneck (Kangaroo Island P = 1.000, Norfolk Island P = 0.055, Kingdom of Tonga P = 0.996, Tongatapu P = 0.961, 'Eua P = 0.945, Vava'u P = 0.996).
Ancestry of isolated honey bee populations
Mitochondrial analysis
We found seven sequence variants (mitochondrial haplotypes) in the P and Q motifs of the intergenic region between the tRNA leu and COII genes (Supplementary Information; GenBank accession numbers MG828857-MG828863; Figure 2a ). Three mitochondrial haplotypes were from the C (Eastern Europe) lineage and four from the M lineage (Western Europe). The M7 haplotype is found in Italy and Spain (Franck et al. 2001) , the M79a haplotype is found in A. m. iberiensis (Chávez-Galarza et al. 2017) , while the two other M haplotypes are previously unreported. The C1 haplotype is found in A. m. ligustica (Franck et al. 2001) , the C19 haplotype has been reported in Turkey (Solorzano et al. 2009 ) and the remaining C haplotype is previously unreported. As expected (Oldroyd et al. 1992; Koulianos and Crozier 1996) the majority (96.1%) of the samples from Kangaroo Island carried M haplotypes (one M7 and 74 unreported M haplotype 2) while one individual carried the C19 haplotype (Supplementary Information). The majority of individuals (22) on Norfolk Island carried the C1 haplotype, while the remainder (12) carried unreported C haplotype 6. The M7, M79a and unrecorded haplotype 2 were found on 'Eua and Vava'u. Unrecorded haplotype 3 was only found on Tongatapu, and the C1 haplotype was found on Tongatapu and 'Eua (Supplementary Information).
DISCUSSION
Genetic diversity within populations, and indeed within colonies, is important to the maintenance of colony health and productivity (Tarpy and Page 2002; Mattila and Seeley 2007; Harpur et al. 2012; Tarpy et al. 2013) . Our study shows that the honey bee populations on Kangaroo Island, Norfolk Island and Tonga have low inbreeding coefficients (F IS ), despite the fact that Kangaroo Island and Norfolk Island are closed populations, and imports into Tonga are presumably rare and the number of managed colonies is extremely low. We also note that a single mated queen carries in her spermatheca 75% of the genetic variation present in the population from which she is derived (Ding et al. 2017) . Presumably, most island populations are descended from s e v e r a l q u e e n s , m e a n i n g t h a t g e n e t i c bottlenecking at the time of introduction is unlikely to be severe.
The honey bees on Kangaroo Island have a high proportion (90.2%) of ancestry from the C lineages and low admixture (9.8%), as determined with a SNP test (Chapman et al. 2017 ) for ancestry proportions from three ancestral lineages. This is consistent with this population being of A. m. ligustica origin and is higher than the proportion of C lineage ancestry in commercial (69.4%) and feral (57.4%) populations in the rest of Australia (Chapman et al. 2015 . Previous studies have determined that the honey bees of Kangaroo Island have mitochondrial haplotypes from the M Ancestry of isolated honey bee populations lineage found in Western Europe and Italy (Oldroyd et al. 1992; Koulianos and Crozier 1996; Franck et al. 2000a) . The majority (74 of 76) of typed individuals carry a M haplotype that is previously unreported, while one individual carried the M7 haplotype. For the first time, we have identified an individual with a C lineage mitochondrial haplotype on Kangaroo Island. The origin of this haplotype is speculative. However, as this study has more than double the sample size of previous studies (24 samples, Oldroyd et al. 1992; 7 samples, Koulianos and Crozier 1996) , its absence from previous studies on Kangaroo Island may merely be an effect of sampling. The haplotype is previously unreported in Australia (Chapman et al. 2008; Oxley and Oldroyd 2009) or Italy (Franck et al. 2000a) . A second individual from this colony showed the same haplotype, and therefore this finding is not due to sequencing or other error. The individual in question does not stand out in any way in the SNP data, having 87.1% C lineage, 11.2% M lineage and 1.7% A lineage ancestry. If beekeepers are concerned about propagating this rare mitochondrial haplotype, even though it is likely to be of Italian heritage, then it could potentially be excluded from breeding programs via queen selection based on a simple mitochondrial marker. However, in our view, such a strategy would be pointless.
SNP genotyping revealed that the honey bees of Norfolk Island have ancestry mostly from Eastern Europe (C lineage; 73.1%), with some Western European (M lineage; 21.2%) and little evidence of African ancestry (A lineage; 5.7%). Only two mitochondrial haplotypes were present, both from Eastern Europe. One was the C1 allele associated with A. m. ligustica , and the other is a previously unreported mitotype that differs from the C1 mitotype by one base.
The Tongan populations were in HardyWeinberg equilibrium; however, there was linkage disequilibrium between seven microsatellite markers. The last known introduction occurred in 2006 to Vava'u (Pers. Comm. Bruce White to EJR) and it may be that the population has not yet come to equilibrium. More likely is population subdivision across the sampled islands. SNP genotyping revealed that ancestry differs between the three Tonga Island groups sampled; however, all three had a majority Western European origin with negligible African ancestry. Five mitochondrial haplotypes were detected, with likely origins from Spain, Portugal and Italy. Surprisingly, the two closest islands, 'Eua and Tongatapu were not the most closely related, pointing to 'Eua having different population origins to Tongatapu and Vava'u.
It is important to note that a low proportion of SNPs of African origin in all of our studied populations does not mean that the populations have had any admixture with African populations now or in the past. It just says that they carry a small number of SNPs that are present in African populations at high frequency.
In conclusion, we found low inbreeding coefficients in A. mellifera populations on Kangaroo Island, Norfolk Island and in Tonga. Future work could consider measuring brood viability or enumerating the number of alleles at the complementary sex determination locus (Lechner et al. 2014) which is central to sex determination and lethal when homozygous (Woyke 1963; Beye et al. 2003) . Unsurprisingly, the three populations differed in the proportion of ancestry from the Eastern European, Western European and African lineages, as evidenced by a SNP test that assigns ancestry to these three lineages (but not the O lineage) and from mitochondrial haplotypes. The honey bees of Kangaroo Island have a high proportion of nuclear (SNP) alleles of Eastern European ancestry, consistent with claims that they are of A. m. ligustica origin. The honey bees of Norfolk Island also have a high proportion of Eastern European ancestry, but more Western European ancestry than the Kangaroo Island population. The honey bees of Tonga are of mostly Western European ancestry.
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